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CD8+ T cells are selected via low-affinity interaction
with MHC class I molecules on thymic epithelial cells
(TECs). However, compromised T cell receptor
signalingwas proposed to force CD8+ T cell selection
on hematopoietic cells through a SLAM-associated
protein (SAP)-dependent mechanism similar to NKT
cells. The outcome is an unconventional CD8+ T cell
with phenotypic and functional characteristics of
innate lymphocytes. Here we showed that Id3/
CD8+ T cells had an innate-like phenotype and
required SAP for their development. However, like
conventional CD8+ T cells, Id3/ CD8+ thymocytes
were selected on TECs. The requirement for SAP
and the innate-like phenotype was not intrinsic
to Id3/ CD8+ thymocytes. Rather, an expanded
population of NKT-like cells induced the innate
phenotype on CD8+ T cells through production of
interleukin-4. Our findings reveal that accumulation
ofNKT-like cells promotesconventionalCD8+ thymo-
cytes to acquire innate lymphocyte characteristics.
INTRODUCTION
CD8+ T cells play a major role in cell-mediated immunity by
recognizing pathogen-infected cells via peptides displayed on
MHC class I. During their development, CD8 T cells are tested,
by interaction of their T cell receptor (TCR) with MHC class I
proteins expressed on thymic epithelial cells, to ensure that
only cells with sufficient affinity for MHC undergo positive selec-
tion (Klein et al., 2009). During positive selection, the strength of
TCR signaling influences the CD4 versus CD8 cell fate decision
(Bosselut, 2004). Sustained or strong signaling supports devel-
opment toward the CD4 lineage whereas transient or weak
signaling promotes CD8 T cell development (Singer et al.,
2008). However, very strong TCR signaling results in negative
selection whereas insufficient TCR signaling leads to ‘‘death by
neglect’’ (Singer et al., 2008). Studies in mice bearing mutationsin mediators of TCR signaling raised the hypothesis that the
‘‘strength’’ of TCR signaling may influence the effector fate of
CD8 T cells (Prince et al., 2009; Schwartzberg et al., 2009).
Mice that lack the Tec family kinases Itk and Rlk fail to activate
the mitogen activated protein (MAP) kinases Erk1 and Erk2 in
response to TCR signaling and therefore show a reduced
capacity for positive selection (Liao and Littman, 1995; Lucas
et al., 2002; Schaeffer et al., 2000). The CD8 T cells in these
mice have an activated or memory phenotype including expres-
sion of the common b chain of the IL-2, IL-7, and IL-15 receptor
(CD122), high expression of CD44, and low expression of CD62L
and CD24 (HSA) and expression of the T-box transcription factor
Eomesodermin in the absence of T-bet (Atherly et al., 2006;
Broussard et al., 2006; Hu et al., 2007; Takemoto et al., 2006).
Itk/ and Itk/Rlk/ CD8 T cells also have characteristics of
cells of the innate immune system including rapid production
of interferon-g (IFN-g) without prior antigen exposure and
expression of NKR-P1C (NK1.1). The prevailing hypothesis to
explain this phenotype had been that compromised TCR sig-
naling allows TCRs with strong MHC binding affinity to escape
negative selection and develop innate-like features with superior
effector potential.
A recent study of Itk/ CD8 T cells suggested that these cells
undergo positive selection through a fundamentally different
mechanism than conventional CD8 T cells (Horai et al., 2007).
The innate-like phenotype ofCD8Tcells appeared to be a conse-
quence of a selection process similar to that used by invariant
natural killer (iNK) T cells and some other innate-like T cell line-
ages that involves the SLAM associated adaptor protein (SAP)
(Bendelac et al., 2007; Detre et al., 2010). iNKT cells, in contrast
to conventional thymocytes, are selected by glycolipids pre-
sented on CD1d molecules expressed on hematopoietic cells
(Bendelac et al., 2007; Coles and Raulet, 2000; Urdahl et al.,
2002). An innate-like CD4 population was described in mice
expressing the MHC class II activator transcription factor (CIITA)
in CD4+ thymocytes, further implicating selection on DP thymo-
cytes as a requirement for development of innate-like character-
istics (Li et al., 2005, 2007b). Positive selection of iNKT cells
requires many of the same signaling pathways as conventional
T cells. However, iNKT cells also have unique signaling require-
ments, in particular the SLAM family of receptors (CD150 and
Ly108) and their downstream effectors SAP, FynT, and proteinImmunity 33, 203–215, August 27, 2010 ª2010 Elsevier Inc. 203
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is restricted to hematopoietic cells and these proteins function in
homotypic interactions, suggesting that selection of iNKT cells
on DP thymocytes might lead to activation of the SLAM-SAP
pathway. How the SLAM-SAP pathway and TCR signals
converge to generate innate-like lymphocytes is currently an
unresolved issue. However, induction of the PLZF transcription
factor is necessary and sufficient for many of the innate-like
properties of iNKT cells including the ability to produce both
IFN-g and interleukin-4 (IL-4) (Kovalovsky et al., 2008; Savage
et al., 2008). PLZF is also expressed in a subset of gd T cells
that resemble iNKT cells, termed gd NKT cells (Alonzo et al.,
2010; Kreslavsky et al., 2009; Verykokakis et al., 2010). In
contrast to iNKT cells, until recently, there were no signaling
molecules known to be required selectively for development of
conventional T cells. However, the Tec kinase-Erk MAP kinase
pathway is required for development of conventional CD8
T cells and their absence causes CD8 T cells to adopt an innate-
like fate (Atherly et al., 2006; Broussard et al., 2006).
Id3, an antagonist of E protein transcription factors, is induced
by the Erk MAP kinase pathway in T cells (Bain et al., 2001; Engel
et al., 2001). Deletion of Id3 leads to altered positive and negative
selection similar to that previously described for mice lacking Itk
and Rlk (Liao and Littman, 1995; Liu et al., 2006; Lucas et al.,
2002; Rivera et al., 2000; Schaeffer et al., 2000). Therefore, we
hypothesized that Id3 is the essential transcriptional regulator
of the Tec kinase-Erk Map kinase pathway that controls the
fate of CD8 T cells. This hypothesis was further supported by
the recent observation that deletion of the E proteins E2A and
HEB in DP thymocytes augments the generation of conventional
CD8 T cells even in the absence of a functional TCR (Jones and
Zhuang, 2007). Therefore, inhibition of E protein activity is suffi-
cient for development of conventional CD8 T cells. However,
an essential role for Id3 in development of conventional CD8
T cells has not been demonstrated.
To further examine the requirement for Id3 in T cell develop-
ment, we investigated the phenotype and function of CD8
T cells in Id3/ mice. We found that Id3/ CD8 thymocytes
had many of the characteristics of innate-like lymphocytes.
Surprisingly, however, although development of the innate-like
phenotype was SAP dependent, we found that Id3/ CD8
T cells were not selected on hematopoietic cells. In contrast,
like conventional CD8 T cells, Id3/ CD8 T cells undergo posi-
tive selection on MHC class Ia expressed on nonhematopoietic
cells. The innate-like phenotype of Id3/ CD8 T cells was not
an intrinsic property of CD8 T cells. We demonstrated here
that the innate-like phenotype was imprinted on CD8 T cells by
IL-4 produced by an expanded population of SAP- and PLZF-
dependent gd and ab NKT cells.RESULTS
Id3/ CD8+ Thymocytes Have an Innate-like Phenotype
Id3 is a well-characterized target of TCR and Erk MAP kinase
signaling in thymocytes (Bain et al., 2001). Therefore, we hypoth-
esized that Id3 is an essential regulator of conventional CD8
T cell development and, as observed in Itk/ mice, Id3/
CD8 T cells should adopt an innate-like fate (Atherly et al.,204 Immunity 33, 203–215, August 27, 2010 ª2010 Elsevier Inc.2006; Broussard et al., 2006). To test this hypothesis, we under-
took a rigorous analysis of TCRb+ CD8 thymocytes in Id3/
mice. The frequency of CD8 thymocytes in Id3/ mice was
higher than in wild-type (WT) mice because of an expanded
population of gd NKT cells, many of which expressed CD8
(Verykokakis et al., 2010). However, the frequency of CD8 cells
among TCRb+ thymocytes was also higher in Id3/ mice as
compared to WT (Figures 1A and 1B). In contrast to WT cells,
Id3/ CD8 thymocytes showed high expression of CD122 and
CD44 but low expression of CD24, a surface marker of immature
thymocytes (Figure 1C). The total number of CD122+TCRb+ CD8
thymocytes was approximately 10-fold higher than in WT mice
(Figure 1D). Elevated expression of CD122 and CD44 was
also observed on CD8 T cells in the spleen of Id3/ mice
(Figure 1E). Id3/ TCRb+ CD8 thymocytes expressed Eomes
mRNA, which codes for the transcription factor Eomesodermin
(Figure 1F), which is associated with the innate-like phenotype
in CD8 T cells (Atherly et al., 2006; Fukuyama et al., 2009).
Eomes mRNA was increased in Id3/ DP thymocytes, indi-
cating that its induction occurred during thymic development
rather than as a consequence of activation in peripheral
tissues (Figure 1F). The hypothesis that CD8 T cells acquired
the innate phenotype during development was further sug-
gested by the expression of CD122 on Id3/ CD8 thymocytes
isolated from 1-week-old mice (Figure S1 available online). At
this age it is unlikely that mature T cells have had time to become
activated in the periphery and circulate back to the thymus.
Therefore, Id3/ CD8 T cells had an innate-like phenotype
similar to that described for CD8 T cells in mice lacking the
Tec family kinases Itk and Rlk and the coactivator protein CBP
(Atherly et al., 2006; Broussard et al., 2006; Fukuyama et al.,
2009; Horai et al., 2007).
To further examine the innate-like characteristics of Id3/
CD8 T cells, we stimulated thymocytes in vitro with PMA and ion-
omycin for 5 hr and examined their ability to produce IFN-g. Less
than 2% of WT CD8 thymocytes made IFN-g under these condi-
tions at this time point (Figure 1G). In contrast, more than 27.7%
of Id3/ CD8 thymocytes produced IFN-g and the responding
cells were CD44hi (Figure 1G). Therefore, the CD8 T cells in
Id3/ mice responded rapidly to TCR-mimicking stimuli as
expected for innate-like lymphocytes.
Positive Selection of Id3/ CD8+ T Cells Required MHC
Class I on Thymic Epithelial Cells
Positive selection of conventional CD8 T cells requires MHC
class Ia on TECs (Klein et al., 2009); however, innate-like CD8
T cells in Itk/mice were reported to be selected on hematopoi-
etic cells via MHC class 1b (Broussard et al., 2006; Horai et al.,
2007). Importantly, the frequency of TCRb+ thymocytes was
reduced in the thymus of Id3/H2-KbH2-Db/ mice compared
to both WT andH2-KbH2-Db/mice (Figure 2A). In addition, the
frequency of CD8 cells among TCRb+ thymocyteswas extremely
low in Id3/H2-KbH2-Db/ mice and in H2-KbH2-Db/ mice
(Figure 2B). Therefore, the total number of TCRb+ CD8 T cells
was dramatically reduced in the thymus of both Id3/H2-
KbH2-Db/ and H2-KbH2-Db/ mice, indicating that Id3/
CD8 T cells were selected on MHC class Ia (Figure 2D).
Moreover, although the small number of TCRb+ CD8 T cells
present in the thymus of Id3/H2-KbH2-Db/ mice expressed
AB
C
60.4
13.2
52.6
27.3
10.5 10.2%
 m
ax
C
D
4
WT Id3-/-
TCRb
E
F
WT
Id3-/-
CD8
%
 m
ax
CD122 CD44
0
20
40
60
80
100
120
140
CD4+CD8+ TCRb+CD8+
E
om
es
 m
R
N
A 
(Id
3-
/- /
W
T)
5.9 0.9
2.191.1
18.1 27.7
4.749.4
WT Id3-/-
IFN-g
C
D
44
%
 m
ax
G
CD24CD122 CD44
D
0
5
10
15
20
25
30
WT Id3-/-
TC
R
b
+ C
D
8+
C
D
12
2+
 (x
 1
04
)
p<0.001 p<0.001
Figure 1. Id3/ CD8 Thymocytes Have an
Innate-like Phenotype
(A) WT and Id3/ thymocytes were analyzed
by flow cytometry for TCRb. The frequency of
TCRb+ cells is indicated.
(B) CD4 and CD8 expression on TCRb+ cells. The
frequency of CD4+ or CD8+ cells among TCRb+
cells is indicated.
(C) Expression of CD122, CD44, or CD24 on WT
(gray) or Id3/ (black) TCRb+CD8+ thymocytes.
(D) Number of TCRb+CD8+CD122+ thymocytes in
WT and Id3/ mice. n = 13 for each genotype.
Graphs show mean ± SD.
(E) Expression of CD122 or CD44 on WT (gray) or
Id3/ (black) TCRb+CD8 splenocytes. Data are
representative of 10 experiments.
(F) Relative expression of Eomes mRNA in Id3/
CD4+CD8+ or TCRb+CD8+ thymocytes compared
to WT. Graphs show mean ± SD. Representative
of three experiments.
(G) Expression of CD44 and intracellular IFN-g in
WT or Id3/ CD8 thymocytes 5 hr after stimula-
tion with PMA + ionomycin. Data are representa-
tive of three experiments.
For data on neonates, see Figure S1.
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NKT Cells Alter CD8 FateCD122, they did not express CD44 and had high expression of
CD24, indicating that they did not have the full innate-like pheno-
type (Figure 2C). Therefore, the innate-like CD8 T cells in Id3/
mice were selected on MHC class Ia.
We next tested whether development of innate-like CD8
T cells required MHC class Ia on TECs or hematopoietic cells.
To address the requirement forMHC class Ia on TECs, we recon-
stituted lethally irradiated B2m/ mice with bone marrow from
Id3/ mice. In these chimeric animals, TECs lacked b2M and
therefore MHC class I; however, b2M was expressed on Id3/
hematopoietic cells. As expected, 6 weeks after transplantation,
WT/B2m/ chimeras showed a reduced frequency of CD8
thymocytes compared to WT/WT chimeras (Figure 3A).
Surprisingly, however, and in contrast to what was reported for
Itk/ CD8 thymocytes, there were very few TCRb+ CD8 T cells
in Id3// B2m/ chimeras (Figure 3A). The few TCRb+ CD8
T cells that develop in Id3// B2m/ chimeras had high
expression of CD122 and CD44 and low expression of CD24 in
contrast to those in WT/ B2m/ chimeras (Figure 3B).
Nonetheless, the total number of CD122+ TCRb+ CD8 T cells in
Id3// B2m/ chimeras was less than 5% of Id3//WT
chimeras (Figure 3E). Importantly, the majority of CD8 thymo-Immunity 33, 203–215cytes in Id3//WT chimeras had an
innate-like phenotype when analyzed
6 weeks after transplantation (Figure S2).
Taken together, these data demonstrate
that selection of Id3/ CD8 T cells
required MHC class I molecules on TECs.
The innate-like CD8 T cells in Id3/
mice were selected on TECs; however,
our experiments did not rule out the
possibility that these cells might also
require interaction with MHC class Ia on
hematopoietic cells. To address thisissue, we created chimeric mice in which Id3/ hematopoietic
cells lack MHC class Ia but nonhematopoietic cells express
MHC class Ia. As expected, in H2-KbH2-Db//WT chimeric
mice CD8 T cells developed at frequencies similar to that in
WT/WT chimeras (Figures 3A and 3D). Importantly, in Id3/
H2-KbH2-Db//WT chimeras, TCRb+ CD8 thymocytes devel-
oped at least as well as they did in H2-KbH2-Db/ /WT
chimeras (Figure 3C). The frequency and total number of
TCRb+ CD8 thymocytes with the innate-like phenotype in Id3/
H2-KbH2-Db//WT chimeras was similar to, or slightly greater
than, that in Id3/ mice (Figures 3D and 3E). These findings
confirm that selection of innate-like CD8 T cells in Id3/ mice,
like conventional CD8 T cells, required MHC class Ia on TECs
but not hematopoietic cells.
Development of Id3/ Innate-like CD8 Thymocytes
Required SLAM-Associated Protein
A previous study showed that the innate-like CD8 T cells that
develop in Itk/ mice and innate-like CD4 cells in CIITA-trans-
genic mice, like NKT cells, are selected through a SAP-depen-
dent pathway (Griewank et al., 2007; Horai et al., 2007;
Li et al., 2007a). SAP is an adaptor protein that organizes, August 27, 2010 ª2010 Elsevier Inc. 205
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Figure 2. Id3/ Innate-like CD8 T Cells Were Selected on MHC
Class Ia
(A) WT, H2-KbH2-Db/, or Id3/H2-KbH2-Db/ thymocytes were analyzed
by flow cytometry for TCRb. The frequency of TCRb+ cells is indicated.
(B) CD4 and CD8 expression on TCRb+ cells. The frequency of CD4+ or CD8+
cells among TCRb+ cells is indicated.
(C) Expression of CD122, CD44, or CD24 on H2-KbH2-Db/ (gray) or Id3/
H2-KbH2-Db/ (black) TCRb+CD8 thymocytes. Data are representative
of >5 experiments.
(D) Average number (± standard deviation) of TCRb+CD8+ cells in the thymus
of WT, Id3/, H2-KbH2-Db/, or Id3/H2-KbH2-Db/mice. n > 5 for each
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206 Immunity 33, 203–215, August 27, 2010 ª2010 Elsevier Inc.signaling from the SLAM family receptors, whose expression is
restricted to hematopoietic cells (Detre et al., 2010). Therefore,
although SAP is required when thymocytes are selected on
hematopoietic cells (Veillette et al., 2007), a requirement for
SAP in thymocytes undergoing positive selection on TECs is
unprecedented. Given this, we tested whether development of
innate-like CD8 T cells in Id3/ mice required SAP by creating
Id3/Sh2d1a/ mice. Deletion of Sh2d1a, which encodes
SAP, resulted in an increase in the total number of thymocytes
in WT and Id3/ mice, as we noted previously (Verykokakis
et al., 2010). Importantly, although deletion of Sh2d1a had
a minor effect on the frequency of TCRb+ CD8 T cells in the
thymus of Id3/ mice, the number of TCRb+ CD8 T cells was
higher in Id3/Sh2d1a/ mice than in Id3/ mice (Figures
4A and 4B). However, the TCRb+ CD8 thymocytes in Id3/
Sh2d1a/ mice did not have an innate-like phenotype
(Figure 4C). Indeed, the total number of CD122+ TCRb+ CD8
T cells in Id3/Sh2d1a/ mice was approximately 1% of the
number in Id3/ mice (Figure 4D). Taken together, these data
demonstrated that the adaptor protein SAP was not required
for selection of CD8 T cells in Id3/ mice but was required for
development of the innate-like phenotype on these cells.SAP Was Required for Development of an Expanded
Population of PLZF+ Thymocytes in Id3/ Mice
Given that SAP was not required for positive selection of Id3/
CD8 T cells but was required for the innate-like phenotype, we
considered the possibility that this phenotype was an indirect
consequence of the SAP-dependent lymphocytes in Id3/
mice. We and others have identified an expanded population
of PLZF+ SAP-dependent gd NKT cells in Id3/ mice (Alonzo
et al., 2010; Ueda-Hayakawa et al., 2009; Verykokakis et al.,
2010). However, in Id3/ mice the increase in PLZF+ cells
extended beyond the gd NKT cell subset. We found approxi-
mately 25-fold more PLZF+ thymocytes in Id3/ mice than in
WT mice (Figure 5A). Although a subset of these cells expressed
gd TCR, there were approximately 10-fold more TCRb+ PLZF+
cells and the majority of these cells expressed CD4 but not
CD8 (Figures 5A and 5B). Moreover, many of the CD4+ cells
failed to bind CD1d tetramer, indicating that they were not
iNKT cells, which are the major CD4+TCRb+PLZF+ cells in the
WT thymus (Figure 5A). Importantly, like the gd NKT cells
described in these mice (Alonzo et al., 2010; Verykokakis et al.,
2010), a subset of TCRb+CD4+ cells produced both IFN-g and
IL-4 after a 5 hr stimulation with PMA plus ionomycin (Figure 5C).
Importantly, development of this expanded population of PLZF+
cells was SAP dependent (Figure 5D). These data demonstrated
that there was an expanded population of SAP-dependent
PLZF+ ab and gd NKT cells in Id3/ mice that was poised to
produce IFN-g and IL-4.PLZF Was Required for the Innate-like CD8 Phenotype
Our data suggest that the expanded population of SAP-depen-
dent PLZF+ lymphocytes in Id3/ mice was required for thegenotype, p values are shown for the comparison of populations at the end
of each line.
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Figure 3. Id3/ Innate-like CD8 T Cells Were Selected on Nonhematopoietic Cells
(A–D) Flow cytometric analysis of thymocytes derived from chimeric mice 6 weeks after transplantation.
(A andC) CD4 andCD8 expression on total thymocytes (top), TCRb expression on total thymocytes (middle), and CD4 andCD8 expression on TCRb+ thymocytes
(bottom).
(B and D) Expression of CD122, CD44, or CD24 on TCRb+CD8 thymocytes in (B) WT to B2m/ chimeras (gray) or Id3/ to B2m/ chimeras (black) or
(D) H2-KbH2-Db/ to WT (gray) or Id3-/ H2-KbH2-Db/ to WT chimeras.
(E) Average number (± standard deviation) of CD122+TCRb+CD8 thymocytes in chimeric mice from the indicated donor and recipient combinations. n > 3 for each
combination. p values are shown for populations at the end of each line. Three independent experiments were performed.
See Figure S2 for analysis of the innate-like phenotype on Id3/ to WT chimeras.
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NKT Cells Alter CD8 Fateinnate-like phenotype of CD8 T cells. Many of the unique
features of SAP-dependent NKT cells are regulated by PLZF,
which is sufficient to confer the ability to produce both Th1 andTh2 cell cytokines such as IFN-g and IL-4 (Kovalovsky
et al., 2008; Savage et al., 2008). To demonstrate that NKT
cells were necessary for the innate-like phenotype on CD8Immunity 33, 203–215, August 27, 2010 ª2010 Elsevier Inc. 207
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Figure 4. SAP Was Required for the Innate-like Phenotype of Id3/ CD8 Thymocytes
(A) WT, Id3/, or Sh2d1a/ and Id3/Sh2d1a/ thymocytes were analyzed by flow cytometry for TCRb (top) and TCRb+ cells were analyzed for CD4 and CD8
(bottom). The frequency of TCRb+ cells and CD4+ or CD8+ cells among TCRb+ cells is indicated.
(B) Average number of TCRb+ CD8 thymocytes in the thymus of mice with the indicated genotype. n > 6 for each genotype, p values are shown for the comparison
of populations at the end of each line.
(C) Expression of CD122, CD44, or CD24 on TCRb+CD8 thymocytes from WT (gray) or mutant mice (black).
(D) Average number of CD122+TCRb+ CD8 thymocytes in the thymus of mice with the indicated genotype. n > 5 for each genotype, p values are shown for the
comparison of populations at the end of each line. Data are representative of >5 experiments.
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NKT Cells Alter CD8 Fatethymocytes, we created mice that lacked Id3 and carried a point
mutation in the gene that encodes PLZF (Zbtb16) that results in
the loss of functional PLZF (Green, 1961; Savage et al., 2008).
The frequency of CD8 cells among TCRb+ thymocytes was
similar between Id3/Zbtb16lu/lu mice and WT, Zbtb16lu/lu,
and Id3/ mice (Figure 5E). Zbtb16lu/lu CD8 T cells did not
express CD122 but had slightly increased expression of CD44
compared toWT CD8 cells, although this did not reach the levels
seen in Id3/CD8 cells. Importantly, however, CD8 thymocytes
in Id3/Zbtb16lu/lu mice resembled those in Zbtb16lu/lu mice in
that they did not express CD122, had intermediate expression
of CD44, and few cells were CD24lo (Figure 5F). Given that
PLZF was not expressed in Id3/CD8 thymocytes, our findings208 Immunity 33, 203–215, August 27, 2010 ª2010 Elsevier Inc.demonstrated a requirement for NKT cells in establishing the
innate-like phenotype of CD8 T cells.
The Innate-like CD8 Phenotype Was Not
CD8 T Cell Intrinsic
The observations that the innate-like CD8 thymocytes in Id3/
mice were not selected on hematopoietic cells where SLAM
receptors are expressed and yet their development required
SAP and PLZF suggested that this phenotype was not an
intrinsic property of Id3/ CD8 cells. To address this question,
we established chimeric mice in which a majority of thymocytes
(>85%) were Id3/ and a minority (<15%) were WT and investi-
gated the phenotype of WT CD8 T cells that developed in an
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Figure 5. SAP-Dependent PLZF+ T Cells Were Required for the Innate-like CD8 Phenotype in Id3/ Mice
(A) WT and Id3/ thymocytes were examined by flow cytometry for intracellular PLZF (top, gray histogram is isotype control) and PLZF+ cells were analyzed for
TCRb and TCRgd. PLZF+TCRb+ cells were analyzed for CD4 and CD8. PLZF+TCRb+CD4+ cells analyzed for staining with CD1d tetramer loaded with PBS57
(bottom, gray histogram is unloaded tetramer).
(B) Average number (± standard deviation) of PLZF+TCRb+ cells in the thymus of WT and Id3/ mice. n > 5 for each genotype.
(C) CD4 thymocytes were analyzed for intracellular expression of IL4 and IFN-g 5 hr after stimulation with PMA + ionomycin.
(D) Intracellular staining for PLZF (black line) in mice of the indicated genotype. Isotype control (gray).
(E) WT, Zbtb16lu/lu, Id3/, and Id3/Zbtb16lu/lu thymocytes were analyzed by flow cytometry for TCRb (top) and TCRb+ cells were analyzed for CD4 and CD8
(bottom). The frequency of TCRb+ cells and CD4 or CD8 cells among TCRb+ cells is indicated.
(F) Expression of CD122, CD44, or CD24 on TCRb+CD8 thymocytes from WT (gray) or mutant (black) mice.
Data are representative of three experiments.
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Figure 6. Unequal Chimeras Reveal that the Innate-like Phenotype Was Not CD8 Cell Autonomous
(A) Mixed bone marrow chimeras were established with an excess of Id3/ cells (>85%, CD45.2) and a minority of WT cells (<15%, CD45.1) (left) or an excess of
WT cells (>90%, CD45.1) and a minority of Id3/ cells (<10%, CD45.2) (right). Cells were injected into irradiated CD45.1/CD45.2 mice.
(B) TCRb+CD8 thymocytes (black line) from the majority and minority populations were analyzed for CD122 (top), CD44 (middle), and CD24 (bottom). Isotype
control (gray).
(C) Mixed bone marrow chimeras were established with an excess of WT cells (>70%, CD45.2) and a minority of Sh2d1a/ cells (<30%, CD45.1) (left) or an
excess of Id3/ cells (>75%, CD45.1) and a minority of Sh2d1a/ cells (<25%, CD45.2) (right).
(D) TCRb+CD8 thymocytes (black) from the majority and minority populations were analyzed for CD122 (top), CD44 (middle), and CD24 (bottom). Isotype control
(gray). Data are representative of more than three experiments. See Figure S3 for experimental controls and analysis of PLZF expression.
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NKT Cells Alter CD8 FateId3/ hematopoietic environment (Figure 6A). As expected, in
control mice transplanted with a mix of CD45.2 and CD45.1
WT bone marrow, the CD8 T cells derived from the majority
and minority population had a conventional CD8 T cell pheno-
type (Figure S3). In chimeric mice with a majority of Id3/
thymocytes and a minority of WT thymocytes, the majority
Id3/ CD8 T cells had an innate-like phenotype (Figure 6B).
However, in these chimeric animals the minority WT CD8
T cells also had an innate-like phenotype with high expression
of CD122 and CD44 and low expression of CD24 (Figure 6B).
In addition, in chimeric mice where WT thymocytes were the
majority and Id3/ thymocytes were the minority, neither the
WT nor the Id3/ CD8 T cells had an innate-like phenotype
(Figures 6A and 6B). In contrast to the innate-like phenotype
on CD8 cells, the heightened expression of PLZFwas an intrinsic
property of the Id3/ thymocytes because WT thymocytes,210 Immunity 33, 203–215, August 27, 2010 ª2010 Elsevier Inc.when present as a minority population in the presence of Id3/
thymocytes, did not acquire PLZF expression (Figure S3).
In contrast, when Id3/ thymocytes were in the minority,
they continued to have an elevated frequency of PLZF+ cells
(Figure S3). Importantly, Id3/ thymocytes, whether in the
majority or the minority population, like WT thymocytes, showed
low-expressionMHC class II, indicating that aberrant expression
of MHC class II was not the reason for the increased number of
PLZF+ CD4 cells, as was observed in human fetal and perinatal
thymocytes (Lee et al., 2010). Taken together, these data
demonstrated that the innate-like phenotype was not intrinsic
toCD8T cells but ratherwas imprinted on these cells by a distinct
subset of hematopoietic cells that lack Id3.
We hypothesized that the requirement for SAP in development
of innate-like CD8 thymocytes reflected a role for SAP in selec-
tion of PLZF+ NKT cells and was not due to an intrinsic
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Figure 7. IL4 Was Necessary for the Innate-
like Phenotype on Id3/ CD8 Thymocytes
(A) FACS analysis for IL4Ra on CD8 thymocytes
from Id3/ (left), Id3/ Zbtb16lu/lu (middle), and
Id3/Il4/ (right) mice compared to WT (gray).
(B) IL4Ra expression on WT minority cells that
developed with a majority of WT (left) or Id3/
(right). Isotype control (shaded histogram).
(C) Intracellular PLZF in CD8 thymocytes from
mice of the indicated genotype compared to
isotype control (shaded).
(D) WT, IL4/, Id3/, and Id3/IL4/ thymo-
cytes were analyzed for TCRb (top) and CD4
versus CD8 on TCRb+ thymocytes (bottom).
(E) CD8 thymocytes from mice of the indicated
genotype (black) or WT mice (gray) were analyzed
for CD122 (top), CD44 (middle), or CD24 (bottom).
Gray histogram is WT CD8 thymocytes. Data are
representative of more than four experiments.
Immunity
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we established unequal chimeras in which Id3/ thymocytes (or
WT thymocytes for the control) were in the majority and
Sh2d1a/ thymocytes were in the minority (Figure 6C). Under
these conditions, a large population of SAP-dependent PLZF+
cells will develop from the majority Id3/ hematopoietic cells
but SAP cannot function in the minority Sh2d1a/ CD8 thymo-
cytes. When Id3/ thymocytes but not WT thymocytes were in
the majority, we found that CD8 T cells in the minority Sh2d1a/
population acquired the innate-like phenotype even though they
lacked the adaptor protein SAP (Figure 6D). Therefore, the
requirement for SAP signaling is not an intrinsic property of
innate-like CD8 cells and reflects a requirement for SAP in the
hematopoietic cells of Id3/ mice.Immunity 33, 203–215IL-4 Is Required for the Innate-like
CD8 Phenotype
Our data demonstrate that NKT cells are
responsible for the innate-like phenotype
of CD8 thymocytes in Id3/ mice. One
of the unique features of NKT cells, which
is a consequence of PLZF expression, is
their ability to produce both IFN-g and
IL-4 (Kovalovsky et al., 2008; Savage
et al., 2008). Indeed, a previous study in
Itk/ mice revealed a pathogenic conse-
quence of IL-4 production by gdNKT cells
in these mice, resulting in hyper-IgE
production (Felices et al., 2009). There-
fore, we considered the possibility that
cytokines produced by NKT cells might
be responsible for their ability to confer
the innate-like phenotype on CD8 thymo-
cytes. Flow cytometric analysis of Id3/
CD8 thymocytes revealed expression of
the receptor for IL-4 (IL-4Ra), which was
not expressed detectably on WT CD8
thymocytes (Figure 7A). Moreover, IL-
4Ra was induced on WT CD8 T cells in
chimeric mice where Id3/ hematopoi-
etic cells were in the majority (Figure 7B). The expression of
IL-4Ra on Id3/ CD8 T cells required PLZF, indicating that it
is the NKT cells in Id3/ mice that promote the upregulation
of IL-4Ra (Figure 7A). Because Il4ra is upregulated in response
to IL-4, we hypothesized that heightened production of IL-4
in vivo was the mechanism by which NKT cells impose the
innate-like phenotype on CD8 T cells. To test the requirement
for IL-4, we created Id3/Il4/ mice and examined the pheno-
type of CD8 thymocytes. Importantly, IL4Ra was not expressed
detectably on the CD8 T cells from Id3/Il4/ mice, indicating
that IL4Ra was induced in response to IL-4 (Figure 7A). More-
over, although PLZF+ NKT cells were still present in Id3/Il4/
mice (Figure 7C), the CD8 T cells in these animals did not have
an innate-like phenotype (Figures 7D and 7E). Taken together,, August 27, 2010 ª2010 Elsevier Inc. 211
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a consequence of IL4 produced by SAP- and PLZF-dependent
NKT cells.
DISCUSSION
We showed here that during thymocyte development, Id3 was
required to prevent CD8 T cells from adopting an innate-like
fate characterized by expression of a memory surface marker
phenotype, expression of the transcription factor Eomesoder-
min, the ability to produce IFN-g rapidly after TCR-mimicking
stimuli, and a dependence on the SAP signaling pathway. These
observations appeared consistent with the hypothesis that Id3 is
the essential transcriptional effector of the Itk-Erk-MAP kinase
signaling pathway that is initiated by TCR ligation because a
similar phenotype has been reported in Itk/ and Itk/Rlk/
mice (Atherly et al., 2006; Broussard et al., 2006; Horai et al.,
2007). However, in contrast to what was reported for Itk/
mice, CD8 T cells in Id3/ mice underwent positive selection
via interaction with MHC class I on TEC. Importantly, we found
that the innate-like phenotype of Id3/ CD8 T cells was not
intrinsic to the CD8 cells but was a consequence of SAP-depen-
dent PLZF+ NKT cells. Moreover, we localized the mechanism
by which NKT cells function to the production of IL-4, because
IL-4 was necessary for the innate-like phenotype of Id3/
CD8 thymocytes. Interestingly, the innate-like CD8 phenotype
in Itk/ and Klf2/ mice shows a similar dependence on
PLZF+ cells, indicating that multiple mutant mouse strains with
increased NKT cell numbers develop an innate-like population
of CD8 T cells (Weinreich et al., 2010). Therefore, our data reveal
that the innate-like versus conventional fate of CD8 T cells was
instructed by IL-4 produced by NKT cells.
The development of innate-like CD8 cells in Itk/ and Itk/
Rlk/ mice was proposed to occur as a consequence of alter-
ations in TCR signal strength during selection of CD8 T cells
(Prince et al., 2009). This explanation seems unlikely given that
WT CD8 thymocytes adopt the innate-like phenotype when
they develop in a hematopoietic environment with a preponder-
ance of Id3/ lymphocytes. Nonetheless, Id3/ thymocytes,
as well as Itk/ and Rlk/ thymocytes, do have alterations in
perceived TCR signal strength because these mice show less
efficient positive and negative selection in transgenic and super-
antigen deletion models (Liao and Littman, 1995; Lucas et al.,
2002; Rivera et al., 2000; Schaeffer et al., 2000). However,
expression of CD5, a frequently used indicator of TCR signal
strength, differs between Id3/ and Itk/ or Itk/Rlk/
thymocytes. Compared to wild-type controls, Itk/ and Itk/
Rlk/ DP thymocytes express lower CD5 whereas Id3/ DP
thymocytes have increased expression of CD5 (Lucas et al.,
2002; Rivera et al., 2000; and data not shown). Therefore, dele-
tion of Itk or Rlk and Id3 may have different effects on TCR
signaling pathways indicating that they may not function in
a linear pathway.
We and others have shown that the absence of Id3 leads to
a profound expansion of gd NKT cells expressing a canonical
Vg1.1Vd6.3 TCR and PLZF, which require SAP for their survival
and rapidly produce both IFN-g and IL-4 after stimulation (Alonzo
et al., 2010; Verykokakis et al., 2010). A similar subset of gd NKT
cells exists in Itk/ mice, and IL-4 production from these cells212 Immunity 33, 203–215, August 27, 2010 ª2010 Elsevier Inc.was shown to result in increased serum IgE (Felices et al.,
2009). We demonstrated that the absence of Id3 led to the accu-
mulation of a diverse population of PLZF+ cells including cells
with ab or gd TCRs. Themajority of the Id3/ TCRb+ PLZF+ cells
were not conventional (Va14+) iNKT cells, as determined by
binding of CD1d tetramer loadedwith PBS57; however, the iden-
tity of the majority of Id3/ TCRb+ NKT cells remains to be fully
explored. Nonetheless, it is important to note that the innate-like
TCRb+ CD8 cells in Id3/mice are distinct fromNKT cells in that
they do not express PLZF and they do not produce IL-4 after
stimulation (data not shown).
How does Id3 deficiency lead to expansion of PLZF+ cells?
Our data do not support a role for Id3 in repression of PLZF
because, at least in gd T cells, PLZF remains restricted to cells
with canonical receptors that are normally associated with
expression of PLZF (Verykokakis et al., 2010). This finding
suggests that cells with the appropriate TCR specificity are either
expanding preferentially or surviving better than in WT mice. gd
NKT cells do not hyperproliferate in Id3/ mice, leading us to
propose that E proteins promote survival of gd NKT cells and,
by analogy, other PLZF+ cell types. It was shown for gdNKT cells
that PLZF expression is a consequence of strong TCR signaling
and the cells that express PLZF are generally reactive with
endogenous ligands (Azuara et al., 1997; Kreslavsky et al.,
2009). However, although TCR cross-linking of immature
CD24hi gd T cells results in induction of PLZF, cross-linking of
mature splenic CD24lo gd T cells led to the loss of these cells
from culture (Kreslavsky et al., 2009). This observation suggests
that high-affinity ligand recognition in the thymus could induce
PLZF but subsequent ligand recognition in the periphery may
lead to cell death. Therefore, it is tempting to speculate that
the failure to induce Id3 downstream of strong TCR signaling
may abrogate the death incurred by mature self-reactive NKT
cells, thereby allowing an accumulation of these cells in vivo.
PLZF is sufficient to confer an innate-like phenotype on CD4
and CD8 T cells including expression of a memory surface
marker phenotype and the ability to produce both IFN-g and
IL4 (Kovalovsky et al., 2008; Raberger et al., 2008; Savage
et al., 2008). However, the mechanisms leading to PLZF induc-
tion have not been fully elucidated. Previous studies showed
that expression of CIITA, a transcriptional activator of MHC
class II, in DP thymocytes results in PLZF expression and the
innate-like phenotype on CD4 thymocytes (Li et al., 2005). Devel-
opment of these innate-like CD4 cells also requires SAP
signaling, indicating that positive selection of thymocytes on
DP cells allows engagement of SLAM family receptors and
acquisition of an alternative developmental fate (Li et al.,
2007a). However, the relationship between SLAM-SAP and
PLZF is not known. Activation of this pathway is a physiological
process for NKT cells that undergo selection on CD1d, which is
expressed on DP thymocytes (Coles and Raulet, 2000; Park
et al., 1998; Wei et al., 2005), and in humans, MHC class II is
expressed on DP thymocytes during embryonic development
resulting in a population of MHC class II-restricted PLZF+ CD4
cells with innate characteristics (Kovalovsky et al., 2008; Lee
et al., 2010; Li et al., 2005; Savage et al., 2008). One explanation
for the expanded population of TCRb+ CD4+ PLZF+ T cells in
Id3/ mice, therefore, would be that MHC class II is expressed
on DP thymocytes. However, if this were the case, we would
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chimeras,where Id3/ cells are themajority, would also develop
a significant population of PLZF+ T cells; however, we showed
that this was not the case. Therefore, the Id3/ DP cells do not
express sufficient MHC class II to cause selection of WT CD4
T cells into the NKT pathway. In addition, Id3/ thymocytes
did not show any obvious increase in MHC class II expression.
We showed that IL-4 was the critical NKT cell product that
induced the innate-like phenotype on CD8 thymocytes. CD8
T cells in Id3/Il4/mice did not have an innate-like phenotype
even though these mice had an expanded population of NKT
cells. Therefore, IL-4 was not required for the NKT cell expan-
sion, in contrast to SAP. IL-4 can induce Eomes in CD8 T cells
and Eomesodermin is involved in the transcription of Il2rb and
Ifng (Intlekofer et al., 2005; Pearce et al., 2003; Takemoto
et al., 2006), three of the defining characteristics of the innate-
like phenotype. However, although IL-4 is clearly necessary for
the innate-like CD8 phenotype, we cannot rule out the possibility
that other NKT-derived productsmight also affect the phenotype
of these cells.
The development of innate-like CD8 T cells is a common
feature of mutant mouse strains that develop expanded popula-
tions of PLZF+ T cells (Felices et al., 2009; Odumade et al., 2010;
Weinreich et al., 2010). However, innate-like CD8 T cells are
readily detected in WT Balb/c mice, where their development
is dependent on iNKT cells (Weinreich et al., 2010), and they
are probably present in humans during embryonic and perinatal
stages (Lee et al., 2010). Because these cells are able to produce
IFN-g rapidly after TCR stimulation without prior antigen expo-
sure, they may provide a rapid first line of defense against
invading pathogens. However, mature CD122+ CD8 cells have
been shown to segregate into two distinct functional groups
based on the expression PD1 and production of IL-10 (Dai
et al., 2010), the PD1+ IL-10-producing subset having properties
similar to regulatory T cells (Dai et al., 2010; Endharti et al., 2005;
Rifa’i et al., 2008). These observations raise the intriguing possi-
bility that innate-like CD8 T cells might function to modulate the
immune response. Because deletion of Id3 reduces perceived
strength of TCR signaling, the CD8 cells that arise in these
mice could have an altered repertoire, possibly including cells
with higher affinity for self, making their selection into a regulatory
pathway beneficial. Future studies will be necessary to fully
address the function of innate-like CD8 cells.
Our results also raise the question of whether activation of NKT
cells during an immune response might alter the phenotype and
function of bystander CD8 T lymphocytes. Activation of CD8
T cells has been observed rapidly after injection of mice with
the NKT cell ligand aGalCer, suggesting the plausibility of such
an effect (Carnaud et al., 1999). Such bystander activation could
have implications for NKT cell-based immunotherapies and for
CD8 T cell function during immune responses that elicit strong
NKT cell activation. In Itk/, Itk/Rlk/, and Id3/ mice, the
innate-like phenotype of CD8 T cells is initiated already within
the DP population, suggesting that NKT cells are influencing
thymocytes during positive selection. However, this does not
exclude the possibility that CD8 T cells in the periphery could
acquire the innate-like phenotype in the presence of activated
NKT cells. Indeed, peripheral CD8 T cells in Id3/ mice do
have the innate-like phenotype, suggesting that they are eitherexposed to NKT cell-derived signals or that the innate-like
phenotype, once acquired, can not be reversed. Further studies
will be needed to determine whether NKT cells can induce
distinct functional properties to CD8 T cells during an immune
response. Nonetheless, our data demonstrate that expansion
of NKT cells or hyperactivation of these cells is the cause of
the innate-like or unconventional fate of CD8 T cells.
EXPERIMENTAL PROCEDURES
Mice and Genotyping
Id3/, b2 m/, H2-KbH2-Db/Zbtb16lu/ (Luxoid, B6.C3-Zbtb16Lu/J), and
Il4/ mice on a C57Bl/6J background were purchased from The Jackson
Laboratory and have been described elsewhere (Atherly et al., 2006; Brous-
sard et al., 2006; Buaas et al., 2004; Pan et al., 1999). Id3/ SJL (CD45.1)
were generated in house. Sh2d1a/ mice were a gift from C. Terhorst. Mice
were housed at The University of Chicago Animal Resource Center and exper-
iments were performed according to the guidelines of The University of
Chicago Institutional Animal Care and Use Committee. Id3/ mice were gen-
otyped by PCR with the following primers: Id3KO, 50-GCCAGAGGCCACTT
GTGTAG-30; Id3Com, 50-CATTCTCGGAAAAGCCAGTG-30; and Id3WT, 50-CT
CCCTCGCTCTTCTCTCCT-30. The Sh2d1a wild-type allele was detected with
SAPWTF1, 50-GATGATCAAACCCAGACAAGTTTGAAGC-30 and SAPWTR1,
50-TCTTTGATGGGCCCAGAAGAAGGATGG-30; the Sh2d1a mutation was
detected with SAPKOF1, 50-CCTTGCAGCCATGTTCTGCTGTGG-30 and
SAPKOR1, 50-GCAGGCATGCTGGGGATGCGG-30. Luxoid mice were geno-
typed with the following primers: Zbtb16 for geno: 50-CCAGGCATCTGATGA
CAATG-30 and Zbtb16 rev geno: 50-CCCCTCTTTGCTCCTCTCTT-30. The
PCR product was purified and sequenced to identify the lu mutation with the
following primers: Zbtb16 for seq: 50-AGAGGACCGTAAGGCTCGAT-30 or
Zbtb16 rev seq: 50-CCATCCCTCCTGAGATGCTA-30. Il4/ mice were geno-
typed with the following primers: IL4 WT, 50-GCACAGAGCTATTGATGG
GTC-30; IL4 Com, 50-GCTGTGAGGACGTTTGGC-30; and IL4 KO, 50-TCAGGA
CATAGCGTTGGC-30. H2-KbH2-Db/ mice were genotyped by flow cytome-
try after staining peripheral blood with anti-H2-Kb-FITC (BD Biosciences).
Antibodies, Flow Cytometry, and Cell Sorting
Thymuses and spleens from 4- to 8-week-old mice or 1-week-old neonates
were stained with anti-FcgR prior to staining with antibodies conjugated to
biotin, FITC, PE, PE-Cy7, or APC, acquired in a FACS Canto machine, and
analyzed with FLOWjo software. Dead cells were excluded with PI. Cells
were sorted on a FACSAria. Anti-CD4, -CD8b, -TCRb, -TCRgd, -CD122,
-CD44, -CD24, -IFNg, -IL4, -CD124, and -MHCII were purchased from BD
Biosciences or eBiosciences. a-PLZF antibody was from Santa-Cruz (clone
D9, Cat No: sc-28319) and was conjugated with Pacific Blue with the Pacific
Blue Monoclonal Antibody Labeling Kit (Invitrogen, Cat No: P30013). APC-
conjugated Cd1d tetramers, unloaded or loaded with PBS57, were from the
NIH Tetramer Facility at Emory University.
Cell Culture, IFN-g Production, and Intracellular Staining
Treatment of thymocytes or splenocytes with phorbol 12-myristate 13-acetate
(PMA) plus ionomycin and intracellular staining for IFN-gwere described previ-
ously (Atherly et al., 2006). Intracellular staining for IFN-g and IL4 was per-
formed with the BD Biosciences Cytofix/Cytoperm kit (Cat No: 51-2090KZ).
Adoptive Transfers of Bone Marrow
Bone marrow was prepared from femur and tibiae. Recipient mice were
lethally irradiated (1000 rad) at least 5 hr prior to i.v. injection of 5 3 106 cells.
Thymocytes and splenocytes were analyzed 6, 8, or 12 weeks after transfer.
For mixed bone marrow chimeras, bone marrow cells were mixed in the
proportions mentioned prior to transfer of 5 3 106 cells into recipient mice.
Thymocytes were analyzed 6–8 weeks after transfer.
RNA Isolation and Real-Time Quantitative PCR
Total RNA was extracted and DNAase treated from sorted TCRb+CD4 and
TCRb+CD8 thymocytes with the RNAeasy mini kit (QIAGEN) and was
reverse-transcribed with Superscript III (Invitrogen). QPCR was performedImmunity 33, 203–215, August 27, 2010 ª2010 Elsevier Inc. 213
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NKT Cells Alter CD8 Fatewith gene-specific primers in a iCycler (BioRad), with the iQ SYBR Green
Supermix (BioRad). Results were normalized and quantified with the manufac-
turer’s software (MyiQ, Biorad). A standard curve was included for every
primer set. Eomesodermin primers: EomesFor, 50- TCATCACCAAACAGGG
CAGG-30 and EomesRev, 50-CGAAAACATTGTAGTGGGCGG-30. Hprt primers
were reported previously (Verykokakis et al., 2010).
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